We studied minor variants within two tick-borne encephalitis virus (TBEV) populations with a common ancestor: the mouse brain-adapted variant EK-328c and the tick-adapted variant M. High-throughput sequencing with custom amplicons from RT-PCR viral RNA was performed on Illumina MiSeq 2*250 paired-end v2 chemistry. Using the LowFreq program (default settings) and Sanger-sequenced consensus as a reference, variants with an abundance of 1 % and above within the studied populations were identified. Using the obtained data in the context of our previous studies, we concluded that TBEV variants, which are different from the major population phenotype and can become a major part of the viral population under favourable environmental conditions, can exist at abundances of less than 1 % in the long-term. The comparison of our data with the literature allowed us to conclude that the laboratory variant EK-328c and variant M have similar SNV counts to TBEV variants from natural populations and some fast-evolving RNA viruses.
Quasispecies are dynamic mutant networks of genetically related but not identical viruses [1] . These networks are formed as a result of the mutational robustness of RNA viruses, caused by the lack of proofreading activity and low fidelity of the viral RNA-dependent RNA polymerases [2, 3] . Minor variants in the viral population may play an important role in microevolution. In the case of the elimination of major variants due to environmental pressure, a better-adapted minor fraction of the population may become dominant [4, 5] . At the same time, a small mixture of the parental variants can exist for a long time in a new population, forming its molecular memory [6] [7] [8] . Minor variants can also have a great impact on viral properties, such as neuroinvasiveness [9, 10] . Therefore, studying the minor variants within a virus population is essential for understanding viral microevolution; high-throughput sequencing (HTS) of the PCR products, obtained via RT-PCR from viral genomic RNA, is proven to be a robust and effective tool for such studies [11] [12] [13] .
Tick-borne encephalitis virus (TBEV) is a causative agent of CNS disease in humans and is responsible for up to 12 000 cases of encephalitis annually [14] . TBEV, a member of the genus Flavivirus, is an enveloped positive-sense ssRNA virus. The TBEV genome encodes a single open reading frame, flanked by two untranslated regions. Translated polyprotein is processed by cellular and viral proteases into three structural (C, prM and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). The E protein is responsible for virion stability and viral attachment and entry [15] .
TBEV is an arbovirus that is mostly transmitted by Ixodes ricinus and I. persulcatus ticks [16] . Arboviruses are able to circulate between vertebrate and invertebrate hosts, which impose different selective pressures on the virus population. For successful replication in such different systems, either the whole virus population must be able to multiply effectively in both systems or it must be able to contain and maintain in its population variants adapted to one of the systems during replication in the other [17] . HTS data for TBEV and other flavivirus populations are rather scarce [11] [12] [13] 18] .
In this work, we studied minor variants within the populations of two TBEV variants with a common ancestor: variant EK-328c and variant M. Variant EK-328c was obtained after seven passages in mouse brains from parental strain EK-328 (GenBank ID DQ486861) ( [19] .
Variant M was obtained from strain EK-328 (at the third passage in the mouse brain) after 17 passages in the Hyalomma marginatum ticks, with in-between plaque purification in the porcine embryo kidney (PEK) cell line at the eleventh passage, and 6 additional passages through the mouse brain (Fig. 1) . The variant EK-328c and variant M used in this study had one additional passage in PEK cells. The nucleotide sequence of variant M differed from that of the parental strain EK-328 in 15 positions, with 6 non-synonymous mutations. The consensus sequence of variant M used in this work differed from the original sequence [20] in four nucleotide positions [19 (RfiG) , 2249 (TfiY), 3300 (GfiC) and 10 104 (CfiT)] (determined by Sanger sequencing). The phenotypical properties of variant M differed drastically from those of the parental strain. Strain EK-328 was seen to have high neuroinvasiveness in laboratory mice and phenotypically forms only large plaques in the PEK cells. Variant M had low neuroinvasiveness and phenotypically mostly forms small plaques in the PEK cells (Fig. 1) . A minor fraction of variant M (nearly 1 %) forms large plaques, similarly to strain EK-328. These drastic phenotypic changes are associated with single amino acid substitution in the E protein Glu 122 fiGly 122 [20] .
Plaque clones of variant M formed a set of revertants -variants with plaque phenotypes similar to those of the EK-328 phenotype as a result of different reverse and compensating substitutions in the E protein, but without substitutions in other parts of the genome. After passages of the variant M in the mouse brain following plaque pick-up, clone L ( Fig. 1 ; Table 1 ), with the exact parental EK-328 sequence was identified [20] . Persistent infection of the I. ricinus cell line IRE/CTVM19 (120 days) with variant M resulted in clone 5000M-1 ( Fig. 1 ; Table 1 ), which was similar to the EK-328 sequence [19] . Strikingly, clone 5000M-1 differed from the parental EK-328 strain in three nucleotide substitutions and differed even more (five substitutions) from the EK-328c variant, which was sequenced in this study (Table 1) . By the time of the experiment on persistent infection in IRE/CTVM19 cells, strain EK-328 was no longer used in the laboratory. Thus isolation of the clone 5000M-1 cannot be a result of the laboratory contamination.
Clones L and 5000M-1 had 15 and 14 nucleotide reversions from variant M to parental EK-328 strain, respectively. Among these, nine and eight reversions, respectively, were synonymous [19, 20] . As the occurrence of so many synonymous reversions is unlikely, the presence of the described clones indicates the presence of EK-328-like viruses in the molecular memory of variant M. This makes strain EK-328c and variant M potentially good models for understanding microevolutionary processes in virus populations.
Briefly, virus material, containing 10 11 and 1.5*10 10 copies of viral RNA in the EK-328c and variant M probes, respectively, was dissolved in TRI reagent LS (Sigma, USA), and RNA was isolated using the RNeasy lipid tissue mini kit (Qiagen, Germany) according to the manufacturer's instructions. The TBEV genome was amplified in four overlapping fragments using the SuperScript 3 One-Step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen, USA) and a set of TBEV-specific primers (see Table S1 , available in the online version of this article). PCR fragments were gel-purified, and DNA was extracted using the QIaquick gel extraction kit (Qiagen, Germany), with the DNA concentration being determined using a Qubit 2.0 fluorometer with the Qubit dsDNA HS assay kit (Invitrogen, USA). The PCR amplification of each fragment was performed in two replicates to account for PCR errors. All purified PCR fragments from the same replicate were pooled in equal ratios. This resulted in two pools for each virus; each pool was processed separately later. Different pools were sequenced under different indices. Pooled DNA (50 ng) was used for tagmentation and dual-indexing PCR using the Nextera DNA library preparation kit (Illumina, USA) according to the manufacturer's instructions. Final libraries were sequenced (pair-end 2*250 reads) with MiSeq sequencer (Illumina) using the MiSeq reagent kit v2 (500 cycles). The samples were demultiplexed using MiSeq reporter 2.5.1.3, and FASTQ files were generated. Reads in the FASTQ format were filtered by quality (Q30), and the adapter sequences were removed by Trimmomatic v0.32 [21] with default settings. The Bowtie 2 [22] tool (v2.1.0) was used to align the sequencing reads to the references. Previously sequenced EK-328с and variant M genomes (determined using the Sanger method; see sequences S4 and S5) were used as references for the corresponding HTS data. Alignments were processed using SAMtools [23] . Variant- calling was performed using the LoFreq program v2.1.2 [24] with default settings. Strand-bias SNVs were not discarded. Additionally, variants located in the primer regions and variants with summary abundances lower than 1.0 % were discarded.
The average coverage values for the variant EK-328c replicates were 2405Â and 1889Â. The average coverage values for the variant M replicates were 2436Â and 2772Â. In total, 29 putative SNVs were identified in the variant EK328c population and 13 were identified in the variant M population. After discarding the putative SNVs, which were only presented in one replicate (that was likely caused by PCR error), 16 SNVs were identified for EK-328c ( Fig. 2a ; Table S2 ) and 7 were identified for the M variant ( Fig. 2b ; Table S3 ).
Most of the SNVs in the EK-328c population were synonymous (Fig. 2a) . There was only one non-synonymous SNV, located in the NS5 (Phe/Leu) protein, and its presence in the population was 2.1 %. In contrast, in the variant M population, a large number of SNVs were nonsynonymous (three out of seven). These were located in the E (Ile/Thr), NS2A (Arg/Gln) and NS3 (Pro/Ser) proteins, and their abundance values were 64, 6.4 and 5.7 %, respectively. Moreover, the M variant has more non-synonymous heterogeneous sites than variant EK-328c, which could explain the phenotypical heterogeneity described earlier [20] .
An abundant SNV that causes amino acid variation in the E 426 Thr/Ile was detected in the variant M population (Fig. 2b) . This amino acid is located in the conserved region of the protein E stem (amino acids 414-430). The amino acid position was found to vary among TBEV strains depending on the vector species. Variant M acquired the E 426 ThrfiIle substitution during its adaptation to the H. marginatum ticks. Its consequent adaptation to mouse brains, PEK cells [20] or the IRE/CTVM19 [19] cell line led to parental E 426 Thr accumulation in the population. Some of the previously described clones of variant M had a reverse substitution in protein E 426 , from IlefiThr [20] .
The level of heterogeneity of the viral population depends on many factors, including the virus cultivation system [17] . Since many experiments on virus microevolution are performed under laboratory conditions and with laboratory strains [6, 7, 19, 20] , it is critical to indicate the impact of artificial laboratory conditions on the heterogeneity of the viral population. The quantities of heterogeneous sites in the laboratory variant EK-328c as well as variant M were close to those found in TBEV strain Mandal-2009 from a pool of 10 questing nymphs, although these data were analysed with a 2 % SNV abundance cutoff [12] . Thus, the data obtained during the present study generally correlated with the data on SNVs in natural populations. This is quite an interesting fact, as the variance of data on SNV number in arbovirus populations is high. For mosquito-borne flaviviruses, the number of the SNVs in the dengue virus population was found to be similar to that in our data [11] , although a very high number of SNVs was described for the West Nile virus population [13] . Some other RNA viruses, such as poliovirus [25] and influenza virus [26] , also showed a similar number of SNVs in the viral population to the EK328c variant and variant M (at similar with our work cutoff level). Previously, it was shown that revertants of variant M with a large plaque phenotype could be obtained easily after both small and large plaque pick-up and two additional passages in the PEK cell line [20] . Here we did not find any SNVs that could indicate the presence of these revertants at a 1 % abundance level (Fig. 2b) . Thus, we can assume that there are many revertants existing in the variant M population with less than 1 % abundance. However, as we could not detect these variants with HTS, we could not reject the hypothesis that these revertants appeared during plaque pick-ups, perhaps due to a low multiplicity of infection during this process.
Nevertheless, the presence of the strain EK-328 in the population of variant M was demonstrated in two independent experiments [19, 20] . Using plaque pick-ups, we were able to identify parental strain EK-328 [20] and a virus type that was genetically close to strain EK-328 (see Table 1 ) in the variant M population [19] . In both cases, additional passages were required to isolate these variants from the viral population. During variant M sequencing in the present work, we were unable to find SNVs that could indicate the presence of the parental strain. Thus, the parental strain EK-328 exists in the variant M population with an abundance of less than 1 %. Nevertheless, our results do not disagree with those of previous studies on viral molecular memory completed for human immunodeficiency virus 1 and the foot-and-mouth disease virus (FMDV). It was shown that the levels of representation of components of molecular memory were between 0.1 and 10 % of the viral population [6] [7] [8] . However, a <10 À2 molecular memory level was only achieved after long-term passages of the FMDV (25 and more passages in the same system) [7] . We observed a similar level of molecular memory after 17 passages in H. marginatum and 5 passages through the mouse brain [20] . However, strain EK-328 is at least as adapted as variant M in the mouse brain. The ratio of viral variants in the population depends on the levels of virus fitness in this system [32] . Therefore, the low level of preservation of strain of EK-328 in the population of variant M can be explained by the increased fitness of variant M in H. marginatum ticks in comparison to the parental strain [20] . However, additional data are needed for more accurate conclusions.
Thus, minor TBEV variants with a strikingly different phenotype from the major population can persist for a long time in the population. In the case of the total elimination of major variants due to environmental pressure, a betteradapted minor fraction of the population may become dominant [4, 5] . This process can lead to the emergence of new epidemiologically important virus variants. It is also important to note that these minor components could have <1 % abundance in the virus population, making them hard to detect even with HTS methods. To detect such rare variants, more complex HTS sample preparation and data processing techniques should be used. CirSeq, for example, can provide information on variants with up to 10 À6 abundance [25] .
It should be noted that HTS with a 1 % cutoff level cannot provide data on all variants isolated from the viral population via plaque pick-ups. Taking into account the fact that plaque clones can provide information on the presence of the different SNVs in the single viral genome and viral variants with different phenotypes, we can conclude that HTS and virological methods used together can provide insights into intrahost genetic diversity.
In this work, we showed some important findings. First, the laboratory strain EK-328c and variant M showed similar SNV counts to those of TBEV variants from the natural population, as well as some fast-evolving RNA viruses studied previously. Second, viable TBEV variants, which are different from the major population phenotype and can become a major part of the viral population under favourable environmental conditions, can exist at abundances of less than 1 % in the long-term.
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